INTRODUCTION
Cellular adhesion has enabled evolution of multicellular organisms and is a requirement for many different anatomical formations. It is regulated and mediated by interactions between cell surface receptors known as cell adhesion molecules (CAMs), which provide the physical strength of attachment and also define the specificity of cells and subcellular localizations that comprise the adhesive surfaces (Hynes and Zhao, 2000; Yamagata et al., 2003) . Furthermore, these receptors can signal to initiate processes that lead to functional differentiation into one of many specific cellular adhesion structures, such as neuronal and immune synapses. However, the role of extracellular structure and ligand-receptor affinity in modulating the plethora of functions resulting from CAM engagement is not well understood. It is not clear whether adhesion is structurally permissive and simply serves as ''molecular velcro'' or whether the biophysical characteristics of the interactions are critical in triggering distinct functional outcomes.
A group of CAMs utilized in animals in many different adhesion structures is the family of proteins homologous to C. elegans SYG-1 and SYG-2, which are immunoglobulin superfamily (IgSF) CAMs (Ig-CAMs) ( Figure 1A ) (Shen and Bargmann, 2003; Shen et al., 2004) . These proteins not only specify synaptogenesis by mediating adhesion between guidepost vulval epithelial cells and the axon of the hermaphrodite-specific neurons (HSN) in C. elegans ( Figure 1A ), but also have adopted many other functions in arthropods and in vertebrates. SYG-1 and SYG-2 homologs are known to mediate muscle formation by specifying the fusion of muscle progenitor cells (myoblasts) in Drosophila and vertebrates (Dworak et al., 2001; Sohn et al., 2009 ; reviewed in Abmayr and Pavlath, 2012) . They also control other processes in Drosophila that involve formation of proper cellular adhesions, such as the precise patterning of cells in the eye (Bao and Cagan, 2005; Ramos et al., 1993; Wolff and Ready, 1991) and sense organ spacing on the antennae (Venugopala Reddy et al., 1999) , and are crucial in accurate formation of the optic chiasm (Boschert et al., 1990; Ramos et al., 1993; Schneider et al., 1995) . Vertebrate orthologs of both proteins are strongly expressed in the nervous system, where new functions for the orthologous Neph proteins are emerging (Mizuhara et al., 2010; Serizawa et al., 2006; Vö lker et al., 2012) . Intriguingly, orthologs of SYG-1 and SYG-2 have also been adopted in arthropods and vertebrates for building the hemolymph and blood filtration barriers, respectively, confirming that the two organs are evolutionarily related (Weavers et al., 2009 ). Mutations in the human SYG-2 ortholog, Nephrin, lead to a kidney disease called the congenital nephrotic syndrome of the Finnish type (Kestilä et al., 1998) . SYG family proteins, therefore, constitute one of the most important and versatile CAMs in metazoans, involved in disparate cell adhesion functions ranging from synaptogenesis to blood filtration in kidney. Despite their prominence, the membrane-proximal downstream signaling events that result from extracellular engagement of SYGs and their orthologs are not entirely clear. Vertebrate Nephrins are known to be phosphorylated, which leads to actin attachment (Jones et al., 2006; Verma et al., 2006) , whereas F-actin is recruited for SYG-specified synapse development in C. elegans (Chia et al., 2012) . C. elegans SYG-1 also controls synapse elimination through directly inhibiting the ubiquitin ligase SCF (Ding et al., 2007) . The most conserved intracellular feature of SYGs, (E) Close-up of the symmetrical Rst homodimer interface. The 2-fold sign (closed oval) represents the homodimer symmetry axis. The prime sign is added to residue labels for the Rst monomer displayed in red.
(F) The extracellular interactome assay (Ö zkan et al., 2013) for wild-type Rst and mutants against wild-type Rst, Duf, Hbs, and SNS. The assay was performed in both orientations, as wild-type Rst, Duf, Hbs, and SNS as bait (above) and as prey (below). The scale, colored as white to blue, represents absorbance values at 650 nm as the assay outcome. See also Figure S1 and Table S1 .
a C-terminal PDZ domain-binding peptide, mediates interactions with juxtamembrane scaffolding proteins such as ZO-1 and X11La Vishnu et al., 2006) . Despite their importance in many aspects of animal physiology, the molecular basis of SYG-1 and SYG-2 interactions at cellular adhesion sites and the role of structure in specifying function are not known. Here, we ask whether the structural and biophysical features of SYG extracellular complexes are important for conveying a proper functional outcome. Through a series of biochemical, biophysical, and in vivo functional experiments, we find that the extracellular affinity, docking geometry, and rigidity of the SYG-1 and SYG-2 ectodomains play crucial roles in specifying a functional synaptic architecture in C. elegans.
RESULTS

Interactions of SYG-1/SYG-2 Complexes
The relative abilities of SYGs and their orthologs to form homoversus heterophilic complexes reflect the acquisition of functional specification and response to evolutionary pressures unique to each phylum. However, it is not clear which SYGs engage one another directly. Thus, we measured the homoand heterotypic interactions between a variety of SYG-1-and SYG-2-related proteins ( Figure 1A ), which were previously studied with cell aggregation assays and by coimmunoprecipitation and had yielded conflicting conclusions (Bao and Cagan, 2005; Dworak et al., 2001; Galletta et al., 2004; Gerke et al., 2003; Khoshnoodi et al., 2003; Schneider et al., 1995; Shelton et al., 2009; Wanner et al., 2011) . Using isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR), we showed that C. elegans SYG-1 and SYG-2 ectodomains form a complex with a dissociation constant (K d ) of 0.6 mM ( Figure S1 and Table  S1 available online). We also expressed the first immunoglobulin (Ig) domain of SYG-1 and the first four Ig domains of SYG-2 for crystallization, and these bound with similar affinity as the fulllength ectodomains ( Figure S1 and Table S1 ).
These interactions are conserved across SYG orthologs, as we showed that the Drosophila homologs of SYG-1 (Rst and Duf/Kirre) and of SYG-2 (SNS and Hbs) all form heterocomplexes with affinities between 1 and 4 mM ( Figure S2 and Table S1 ). Minimal complex-forming regions of the homologous Drosophila system were similarly mapped to within the first Ig domain of Rst or Duf and the first four Ig domains of SNS or Hbs ( Figure S2 and Table S1 ). The similarity of the ectodomain interaction parameters among Drosophila and C. elegans SYGs suggests that this moderate affinity has been evolutionarily refined as optimal for SYG function.
Various SYG-1-and SYG-2-like proteins have been previously reported to form homophilic complexes (Dworak et al., 2001; Gerke et al., 2003; Khoshnoodi et al., 2003; Schneider et al., 1995; Wanner et al., 2011) ; we did not detect high-affinity homophilic complexes for SYG-1, SYG-2, and their Drosophila orthologs. However, using a multivalent assay format to enhance avidity that we recently developed for detecting extracellular interactions (Ö zkan et al., 2013) , we observed the reported Rst and Neph1 homophilic complexes Liu et al., 2003; Schneider et al., 1995) and a complex of Rst and Duf (Ö zkan et al., 2013) , all of which are SYG-1-like proteins. We showed with SPR that the Rst homophilic complex was very low affinity ( Figure S2I ). We did not detect a C. elegans SYG-1 homophilic complex or homophilic and heterophilic complexes between any SYG-2, which is in agreement with the previous reports on SYG interactions using S2 cell aggregation assays for C. elegans and Drosophila SYGs (Shen et al., 2004; Dworak et al., 2001) . We cannot, however, rule out very weak cis-homophilic interactions for SYG-1 and SYG-2, as suggested by Shelton et al. (2009) and Wanner et al. (2011) .
Structure of SYG-1: A Conserved Homodimeric Interface To acquire molecular insights into SYG-1 surfaces and the homophilic interactions of its orthologs, we first determined the crystal structures of the first domain (D1) and the first two domains (D1D2) of C. elegans SYG-1 ( Figure 1B and Table S2 ). The D1 and D2 domains both adopt the canonical immunoglobulin fold with two b sheets and a conserved disulfide bond linking the sheets through the B and F strands (Bork et al., 1994) . The Ig domains are colinear, exhibiting extensive interdomain contacts and segmental rigidity due to the absence of linker residues between the two domains ( Figure S4A ). We did not observe homodimers for any of these structures.
We then determined crystal structures of D1D2 of Drosophila Rst, the D1 of Drosophila Duf, and the D1D2 of mouse Neph1. In contrast to C. elegans SYG-1, we observe homodimeric structures for all of these SYG-1 orthologs mediated entirely by their D1 domains, which is consistent with our biochemical data ( Figure 1C , Rst is shown). The homodimers are formed through interactions between the C 0 CFG sheets of the Ig domains ( Figures 1C and 1D ). The monomers create homodimers by docking against each other at nearly orthogonal angles of 90 to 110 ( Figure 1C ), and this interaction geometry is conserved between the three SYG-1-like homodimers. The buried surface area of the homodimers is 1,270 Å 2 ± 50 Å 2 . These structures argue that arthropod and mammalian, but not nematode, SYG-1 orthologs homodimerize via the observed common interface. Three residues are prominent within the homophilic interface: Q59, F65, and Q108 in Rst sequence numbering ( Figure 1E ). The 2-fold symmetry axis relating the complex monomers bisects the two Q59 residues, whose contacts are mediated by two hydrogen bonds. F65 sits in a pocket, packing against the side chain of Q108. To probe the energetic landscape of this interface, we used the extracellular interactome assay (Ö zkan et al., 2013) to detect Rst homodimerization (Figures 1E and 1F) . We mutated Q59, F65, Q108, and R120, another F65-contacting residue. Alanine mutations of Q59 and F65 abolished the interaction, whereas Q108 and R120 diminished it significantly ( Figure 1F ). Q59 and Q108 are conserved in all SYG-1s, R120 is conserved in all nonnematode SYG-1s, and F65 is part of a conserved hydrophobic patch ( Figure 3D ). Interestingly, all the mutations measured in the interactome assay that diminished homophilic interactions also diminished the heterophilic interactions ( Figure 1F ), indicating that these interaction interfaces overlap.
Structure of the SYG-1/SYG-2 Heterophilic Complex
To visualize the molecular basis of the heterophilic interaction, we determined the crystal structure of the C. elegans SYG-1/ SYG-2 complex containing the two N-terminal Ig domains of SYG-1 and the four N-terminal Ig domains of SYG-2 ( Figures  2A and 2B ). We solved the structure in several steps, using molecular replacement with our two-domain SYG-1 structure, de novo phasing of the fourth domain of SYG-2, followed by manual building of the remaining SYG-2 domains aided by a SYG-2 D3D4 crystal structure.
In accord with prior structure-function analysis (Chao and Shen, 2008) and in vitro mutational binding results ( Figure 1F ), the interaction between SYG-1 and SYG-2 is mediated entirely by their N-terminal Ig domains (D1). The D1s of SYG-1 and SYG-2 engage each other orthogonally at an 108 angle, resulting in an unusual L-like shape for the overall complex structure (Figures 2A and 2B ). All the domains are colinear with each molecule in an extended conformation due to the lack of linker residues between the domains, resulting in extensive interdomain contacts ( Figures S4A-S4C ) and an overall rigidification of the molecules (Figure 2) .
We interrogated the heterophilic interface by measuring the effects of mutations on SYG-1-SYG-2 binding affinity using SPR (Figures 2C and 2D and S3) . SYG-1 residues central to the heterophilic interface and crucial for the interaction affinity are F60, Q105, and Q54, which are the equivalent residues that abolished the Rst homophilic interaction when mutated ( Figure 1F ). At the center of the interface, SYG-1 Q54 interacts with SYG-2 Q53 in the same manner as seen for the Rst Q59 in the homodimer. SYG-1 F60 packs against SYG-2 Q105 within a pocket lined by SYG-2's F strand; these two residues are equivalent to Rst F65 and Q108, respectively. For SYG-2, the residue homologous to Rst F65 and SYG-1 F60 is a leucine (L61), which forms part of the C-C 0 loop of the Ig domain. This loop makes close van der Waals contacts to SYG-1 Q105. We also mutated the SYG-2 residues related to SYG-1/Rst residues Q54/Q59, F60/F65, Q105/Q108, and V116/R120; namely Q53, L61, Q105 and R115 ( Figure S3B ). Alanine mutagenesis of Q53, L61, and R115 caused an 80-to 330-fold loss in affinity, and Ala mutation of Q105, which packs against the crucial F60 of SYG-1, essentially abolished the interaction. Thus, the energetic parsing of the interface reveals an asymmetry, whereby the SYG-1-F60-SYG-2-Q105 pair is more energetically important for binding than its structurally symmetric SYG-2-L61-SYG-1-Q105 pair. 
The Homophilic and Heterophilic Complexes of SYG-like Proteins Are Mediated by Bispecific Interfaces and Common Docking Geometries
The amino acid contacts mediating the heterophilic SYG-1/ SYG-2 complex closely mimic those mediating the homophilic complex interface, revealing a highly uncommon dual specificity within one binding site. First, the heterocomplex of the SYG-1 and SYG-2 D1 domains is essentially superimposable with homodimeric complexes of Rst, Neph1, and Duf with an average of 1.1 ± 0.2 Å root-mean-square deviation ( Figure 3A) . Second, the SYG-1 residues participating in the homo-and heterophilic interfaces are nearly identical, all belonging to the C 0 CFG faces of the Ig domains ( Figures 3B-3D ). Third, loss of both homoand heterophilic binding is observed when related residues in C. elegans SYG-1 and Drosophila Rst are mutated ( Figures 1F,  3B , and 3C). The interaction footprints of the homophilic binding Figure 1F upon mutagenesis of the labeled residues to alanine. (C) Surface representation of the interaction footprint (black outline) of the SYG-1/SYG-2 complex on SYG-1. Within the black outline, blue to red coloring indicates increased loss of binding upon mutagenesis-as measured in Figure 2D -but converted to change in free energy. (D) Sequence alignment of the first domains (D1) of SYG-1-like and SYG-2-like proteins from the nematodes C. elegans and Brugia malayi, fruit fly (D. melanogaster), zebrafish (D. rerio), frog (X. laevis), mouse, and human. The sequence numbering is for the C. elegans SYG-1. The red, green, and blue boxes above the sequences represent residues of Rst, C. elegans SYG-1, and C. elegans SYG-2 that are within 4 Å of their interaction partners. See also Figure S3 .
partner on Rst ( Figure 3B ) and the heterophilic binding partner on SYG-1 ( Figure 3C ) show similar surfaces and energetic contributions to their respective interactions, with the phenylalanine (F60) and the two glutamines (Q54 and Q105 in SYG-1) being most prominent. The patterns of conservation between SYG-1-and SYG-2-like proteins are a result of the ''pseudo''-symmetric nature of the heterophilic interactions, which also allows for the symmetric homophilic interaction.
Full Ectodomain Structures of SYG-1 and SYG-2 and Their Complex
Despite being extended structures with multiple interdomain ''joints,'' the similarity in the individual Ig domain positions of the SYGs and their orthologs is remarkable ( Figure 4A ). This highlights a surprising rigidity that contrasts with the notion of ''beads on a string'' for multidomain CAM proteins with flexible domain boundaries. The rigidity of the SYGs is due to the lack of linker sequences between the Ig domains, forcing closepacked domain boundaries that restrain flexibility ( Figures  S4A-S4C ). This inflexibility could perhaps contribute to formation of a relatively rigid mesh comprised of clustered SYG-1 and SYG-2 molecules at the site of a cell adhesion, such as the kidney filtration barrier. Rigidity would also more sensitively convey extracellular engagement to intracellular adaptor proteins. To gain a better appreciation of this issue, we studied the full-length free SYG-1 and SYG-2 ectodomains and the Figure S4A . (C) Selected class averages of the ectodomain of SYG-2. All class averages are shown in Figure S4B . (D) Raw particle images of SYG-1/SYG-2 complexes (top), schematic drawings (middle), and the schematic drawings overlaid with the crystal structure of SYG-1-D1-D2/SYG-2-D1-D4 (bottom). See also Figures S4C-S4G. ectodomain heterodimer by negative-stain electron microscopy (EM) (Figures 4B-4D ). The molecules exhibited some regions of flexibility, potentially through small interdomain movements, resulting in parts of some of the molecules missing from most class averages, especially in the ten domain SYG-2 ( Figures  S4D-S4F ). Even small deviations in position would result in exclusion of these regions from averaged images. However, some averages showed the entire five domain SYG-1 ectodomain ( Figure 4B ) and up to eight domains of the SYG-2 ectodomain ( Figure 4C ). Averages mostly show extended conformations; we do not see ''bent'' molecules ( Figures S4D-S4F ). We also observe 1:1 SYG-1/SYG-2 complexes with an orthogonal topology of interaction that is identical to that seen in the crystal structures ( Figures 4D, S4F, and S4G) . Therefore, the EM images of the complex are consistent with extended structures lacking major interdomain flexibility and the orthogonal approach observed in our crystal structures.
SYG-1/SYG-2 Affinity Correlates with Its Synapse Specification Function In Vivo
The SYG-1/SYG-2 complex structure can serve as a guide for testing the functional consequences of disrupting this interaction in vivo. The interaction of SYG-1 with SYG-2 has been implicated in instructing the HSN neurons to form synapses specifically at the vulva region (Shen and Bargmann, 2003; Shen et al., 2004) . HSN forms en passant synapses onto vulval muscles that are clustered in a short and stereotyped segment (about 10 mm) of the HSN axon ( Figures 5A and 5C ). In syg-1 mutants, synaptic material fail to accumulate in the normal synaptic region and form ectopic synaptic clusters in the anterior axon ( Figures 5B  and 5D ). If the SYG-1-SYG-2 interaction is controlling this event, we hypothesized that the interface we observed could be mutated to affect synaptogenesis at the vulva. We injected syg-1 mutant animals with wild-type and SYG-2-binding mutants of syg-1 under the control of the unc-86 promoter, known to drive expression in the HSN neurons (Shen and Bargmann, 2003) (Figures 5E-5H) . As shown previously, we observed that wild-type SYG-1 completely rescued the synaptic vesicle clustering defects of syg-1 mutants ( Figure 5E ), which we could measure either using quantitative fluorescence measurements of synaptic clusters on anterior sites on HSNL or by a manual scoring of this phenotype in multiple independent transgenic lines (n R 50 animals for each line). The SYG-1 mutants selected covered a wide range of SYG-2 affinities, from 1.6-fold to 1,000-fold weaker than wild-type. Mutant SYG-1 with mildly diminished affinity, such as D58A, only partially rescued the wild-type phenotype ( Figure 5F ), whereas mutations that practically abolished the interaction, such as F60A and the quadruple mutant, resulted in very little rescue of defects in syg-1 mutants ( Figures  5G and 5H ). As expected, SYG-1 localization at HSN synapses is also dependent on SYG-1's affinity for SYG-2 ( Figure S5 ). Overall, we observe a strong correlation between engineered affinities of the SYG-1-SYG-2 interaction with the rescue of the syg-1 mutant defects ( Figure 5I ). Importantly, we find that even minor reductions in affinity (i.e., 1.6-fold) cause a synaptogenic defect, speaking to an endogenous interaction strength that is finely poised at a functional threshold. This suggests that the SYG-1/SYG-2 interface we have observed is the upstream controller of synaptogenesis of HSN neurons at the vulva and that the strength of the SYG-1-SYG-2 interaction is an important determinant for the efficiency of synaptogenesis.
SYG-1/SYG-2 Interaction Modules Can Be Replaced with Orthologous Parts from Drosophila and Mouse Proteins In Vivo
Based on the similarities between the heterophilic complex of C. elegans SYG-1/SYG-2 and the homophilic complexes of arthropod and mammalian homologs, other heterocomplexes likely share the same structural features, including engagement geometry and interacting residues. Two studies have demonstrated that the full-length mouse SYG-1 and SYG-2 orthologs can partially rescue the synaptogenesis defects of syg-1 and syg-2 mutant worms (Neumann-Haefelin et al., 2010; Wanner et al., 2011) . With new structural insight to guide us, we tested whether D1 domains from the arthropod (Rst and SNS) and mammalian SYGs (Neph1 and Nephrin) can replace the D1s of SYG-1 and SYG-2 to rescue synapse defects in worms ( Figure 6 ). For this purpose, we used syg-1;syg-2 double-mutant animals and coinjected them with chimeric syg-1 and chimeric syg-2 under the unc-86 and egl-17 promoters, respectively. The egl-17 promoter drives expression in the secondary vulva epithelial cells, and expression of syg-2 with this promoter has been shown to reconstitute synapses in an axonal fragment contacting these cells ( Figures 6A-6D) (Shen et al., 2004) . We observed that chimeras with Drosophila and mouse D1s can rescue the syg-1;syg-2 phenotype ( Figures 6E and 6F) . However, the chimeric rescue was observed to be not as efficient as it was with wild-type. We observed rescue in 79% of animals with syg-1/syg-2 coinjections but only in 38% and 23% of arthropod and mammalian chimeras, respectively (tabulated in Figure S6A ). The partial penetrance is likely due to lower affinity on the part of the chimeras, which is 5-fold weaker for Rst and SNS ( Figures  S1, S2, and 7B) . Similarly, SYG-1 Q54 mutant with an affinity 7-fold weaker than wild-type SYG-1 rescued syg-1 in only 59% of animals, compared to 96% for wild-type ( Figure 5I , by phenotype penetrance). Nevertheless, the rescues are statistically very significant (p < 0.001) compared to the controls of syg-1-only and syg-2-only injections ( Figure S6A ) and provide further evidence that SYG-1-SYG-2 molecular interactions are evolutionarily conserved across diverse taxa within metazoans. Wanner et al. (2011) had observed that C. elegans SYG-1 could interact homophilically. We expressed syg-1 with the egl-17 promoter in a syg-2 mutant background in an attempt to replace the SYG-1/SYG-2 complex with SYG-1 homodimers. We did not observe any rescue of the syg-2 mutant phenotype ( Figures S6C and S6D) , which strengthens our view that nematode SYG-1 does not homodimerize, especially in a transcellular mode.
The Observed Docking Geometry and Rigidity of SYG-1 and SYG-2 Are Necessary for SYG-1/SYG-2 Complex Function In Vivo We probed whether the orthogonal docking geometry seen in the SYG-1 and SYG-2 complexes is a necessary feature for synaptogenesis in vivo. For this, we inspected published structures of alternative heterophilic Ig-CAM complexes. When one of the domains of the alternative complexes is aligned with SYG-1 D1, as in Figure 7A , the orientations of the interaction partners display the spectrum of docking geometries Ig-CAMs adopt. The complex of the mouse junction adhesion molecule- like (JAML) protein with the mouse coxsackie and adenovirus receptor (CAR) has the most similar interaction geometry to the SYG-1/SYG-2 complex (Verdino et al., 2010) , with an 8 Å center-of-mass translation of CAR in relation to SYG-2, whereas the Sirpa/ CD47 complex is the most structurally divergent (Hatherley et al., 2008) , with CD47 displaced 23 Å from the corresponding position of SYG-2 ( Figure 7A ). Both complexes have affinities within an order of magnitude of the affinity for the SYG-1/SYG-2 complex, and therefore we reasoned that their D1 domains might functionally substitute for the SYG-1 or SYG-2 D1 domains ( Figure 7B ) (Hatherley et al., 2008; Verdino et al., 2010) . We coinjected syg-1;syg-2 animals with the mCAR-syg-1 and mJAML-syg-2 and also CD47-syg-1 and Sirpa-syg-2 chimeras. We find that CAR and JAML D1s can functionally replace the D1s for SYG-1 and SYG-2 in 25% of animals (p > 0.001) ( Figure 7C ). The rescue observed is similar to rescue by Rst/SNS and Neph1/Nephrin chimeras ( Figure S6A ), and this relatively efficient rescue occurs despite the 9-fold weaker affinity of the CAR-JAML interaction versus that of SYG-1-SYG-2. The CD47-Sirpa chimeras, however, did not rescue appreciably (8%) despite having an affinity nearly identical to the SYG-1-SYG-2 interaction ( Figure 7B ). Interestingly, we could recover function, as indicated by improved rescue (35%), when we replaced the wild-type CD47/Sirpa chimeras with an engineered variant of Sirpa, termed FD6, that binds to CD47 with 10,000-fold higher affinity than the wildtype protein (Weiskopf et al., 2013) . Thus, it appears that the incompatible interaction geometry can be compensated, and overcome, to some degree, with sufficiently high affinity to compel an interaction. That the rescue is incomplete, despite such high affinity, supports the idea that the orthogonal architecture of the SYG-1/SYG-2 complex plays a specific ''instructive'' role in C. elegans synaptogenesis and that this adhesion event is not structurally permissive. This instructive role may be a direct result of the orthogonal architecture on signaling or an indirect consequence of changes in the cell-cell spacing distance with alternative receptor-ligand docking geometries.
To confirm that the chimeric proteins are expressed and targeted to the cell surface, we coinjected syg-1 syg-2 doublemutant animals with chimeric SYG-1::GFP and SYG-2 pairs. All tested SYG-1 chimeras robustly localized to HSN axons, suggesting that they expressed and folded well ( Figure 7D ). Those SYG-1/SYG-2 chimeric pairs that rescued the synaptogenesis phenotype also displayed enrichment of SYG-1::GFP in the axonal segment contacting vulval cells, suggesting that the chimeric SYG-2 binding partners are also expressed and folded.
To test whether rigidity of the SYG ectodomains was important for function, we created SYG-1 and SYG-2 variants with tenresidue flexible linkers inserted at two domain boundaries downstream of the interacting domains (between D1 and D2 for both, between D2 and D3 for SYG-1, and between D4 and D5 for SYG-2). When coinjected into syg-1 syg-2 double mutants, these proteins could not functionally replace rigid SYG-1 and SYG-2 completely, with rescue in 30% of animals ( Figure 7C ). Similar to the chimeras, we showed that the flexible SYG-1 localized to axons, indicating expression and correct folding. Intriguingly, this partial rescue was not accompanied by enrichment at the vulva ( Figure 7D6 ), raising the possibility that the rigid structure of the SYG extracellular complexes might contribute to the high-density packing of SYG-1 observed near the HSN vulval synapses. Overall, these results indicate that the rigid architecture of the SYG complex may also be required for formation of productive adhesion structures into an interaction plane, leading to synaptogenesis.
DISCUSSION
The question we address in this study is the role of structure and biophysical interaction parameters between an adhesive receptor-ligand pair in specifying function. It is unclear for most receptors whether extracellular engagement or ligandinduced multimerization alone is sufficient for function or if the unique structural and physical-chemical features of particular systems influence proper functional consequences. This issue is especially pertinent to CAMs, which generally cluster at adhesive sites, raising the question whether structure serves a more specific functional role than establishing a patch of ''molecular velcro.'' The structures are ordered from left to right in terms of decreasing similarity to SYG-1/SYG-2 with regards to the approach geometry, where the mouse JAML/CAR complex is most similar to, and the CD47/Sirpa complex is the most different from the SYG-1/SYG-2 complex. (B) A guide to affinities between the studied complexes as dissociation constants (in mM). (C) Quantitation of rescue (as phenotype scores) of syg-1;syg-2 worms when D1s are replaced by D1 domains from indicated proteins. ***p < 0.001 and ****p < 0.0001; n.s., not significant. CAR/JAML D1s can partially rescue syg-1;syg-2, but the geometrically different CD47/Sirpa cannot. Lack of CD47/Sirpa can be, however, ameliorated when an extremely high-affinity variant of Sirpa (FD6) is used. Also included is rescue with SYG-1 and SYG-2 modified with flexible interdomain linkers (SYG-1-Flex/SYG-2-Flex), which is significantly diminished compared to rigid WT SYG-1/SYG-2. The error bars represent SD for rescues from three to four independent lines. (D) Representative images of the localization of SYG-1 chimeras and the flexible SYG-1 variant. For chimeras, SYG-1 D1 domains were replaced with those from other Ig domains involved in Ig-CAM interactions. SYG-1 constructs have been tagged with a C-terminal GFP and expressed in syg-1 syg-2 double-mutant background together with the corresponding untagged SYG-2 chimera binding partner in the secondary vulva epithelial cells. (D1) Enrichment of WT SYG-1::GFP to the axonal regions in contact with SYG-2 expressing secondary vulva epithelial cell. The axon segment anterior to the synaptic region is devoid of SYG-1::GFP staining as denoted by yellow arrow. (D2) SYG-1::GFP expression alone without SYG-2 is diffusely localized along the entire axon. (D3) mCAR-SYG-1::GFP and mJAML-SYG-2, which has similar approach geometry as SYG-1 and SYG-2, shows proper localization and enrichment suggestive of binding.
(legend continued on next page)
Roles for Affinity, Biophysical, and Structural Properties in the SYG Complexes Here, we interrogated this issue in a large family of multipurpose Ig-CAMs that mediate remarkably diverse functions such as synaptogenesis, myoblast fusion, axon guidance, and formation of the kidney filtration barrier. We found that homophilic and heterophilic complexes of SYG-1 and SYG-2 orthologs engage one another through an evolved dual specificity so as to have the capacity to form homophilic and heterophilic complexes. Furthermore, we demonstrated that the residues critically involved in the SYG-1-SYG-2 interface mediate an interaction affinity that is ideal for proper synaptogenesis in C. elegans. In this way, the specific binding chemistry mediates an interaction affinity that has been fine-tuned for function. Remarkably, the interaction domains-D1s of SYG-1 and SYG-2-could be functionally replaced with orthologous domains from Drosophila and mouse and even with domains from an unrelated Ig-CAM complex (JAML-CAR) as long as the complexes had a similar docking geometry to the SYG-1/SYG-2 complex. However, another Ig-CAM complex with a substantially different interaction geometry, CD47-Sirpa, failed to functionally rescue the syg1;syg-2 phenotype. Furthermore, increasing the flexibility of the SYG ectodomains through the insertion of Gly-Ser linkers also lead to decreased rescue. Our work suggests that functional signaling initiated by SYG-like proteins is critically linked to the architecture and physical chemistry of the extracellular interactions, and thus these parameters play ''instructive'' roles in function.
Structural rigidity of adhesion molecules might have specific functional significance in diverse biological contexts. For example, the rigid tip-link adhesion complexes formed by cadherin molecules Pcdh15 and Pchd23 might be necessary to transform force into intracellular signaling (Sotomayor et al., 2012) . Cadherins require calcium for rigidifying their ectodomains (Shapiro and Weis, 2009) , which then protrude and are primed for trans interactions and cell-cell adhesion. The rigidity observed may also be a factor allowing close packing of SYG complexes into a dense matrix within an interaction plane, facilitating downstream signaling through juxtamembrane recruitment of proteins and cytoskeleton.
Other cell-surface receptor-ligand systems, such as cytokine or tyrosine-kinase receptors for soluble growth factors, are activated through soluble ligand-induced oligomerization. CAMs, on the other hand, are composed of interactions between two cell-associated membrane proteins that span an intercellular adhesive junction that, in most cases, is composed of tightly packed complexes (for example, Al-Amoudi et al., 2007) . The surprising sensitivity of the SYG-1/SYG-2 complex geometry on preservation of its docking mode suggests a possible dependency on complex architecture within dense adhesive junctions to allow close packing of individual complexes to achieve not only the high-density packing of receptors but also the highly regular subsynaptic spatial specifications. Interestingly, the prefusion complex during myoblast fusion, another SYG family protein-mediated adhesion complex, was described as dense membrane plaques between apposed cells under EM, suggesting that this type of adhesion molecule effectively concentrates intracellular proteins.
Our results also link SYGs to another Ig-CAM family of proteins that exhibits homo-and heterophilic adhesion properties, the nectins and nectin-like proteins (Harrison et al., 2012) . In this family of nine related proteins, heterophilic binding is consistently higher affinity than homophilic binding, similar to SYG-1-and SYG-2-like proteins. For nectins, crystal structures have now demonstrated conserved modes of binding between homophilic and heterophilic interactions utilizing the same interface on the C 0 CFG face of the N-terminal immunoglobulin domains.
Structural Features of SYGs Determine Functional Properties of Their Cellular Adhesions
Our structural results are pertinent to many diverse SYG-mediated cell adhesions. As mentioned, the slit diaphragm of the kidney, which serves to filter blood, is constructed by SYG orthologs Neph1 and Nephrin. The thickness of the slit diaphragm has been measured to be 40 Å (Haraldsson et al., 2008) . Our complex model with elongated subunits and orthogonal interaction geometry, based on our crystal structure and EM data, span 40 to 50 Å ( Figure 7E ) and are therefore consistent with the physiological distances measured for the slit diaphragm. Collectively, the insight we have gained into how the biophysical features of SYGs impact function will help to explain the functional architecture of the myriad of other known SYG-mediated cellular adhesions.
EXPERIMENTAL PROCEDURES Protein Expression and Purification
All SYG-1, SYG-2, and orthologs, unless stated otherwise, were expressed using baculoviruses and High Five cells (Invitrogen) from Trichoplusia ni by secretion into culture media as C-terminal hexahistidine-tagged proteins. SYG-2 D4 was expressed in High Five cells as an HRV 3C Protease-cleavable N-terminal hexahistidine-and Fc-fusion. Proteins were purified using nickelnitrilotriacetic acid agarose resin (QIAGEN) and size exclusion chromatography in 10 mM HEPES (pH 7.2), 150 mM NaCl. For selenomethionine labeling in bacteria, SYG-1 D1D2 was also refolded from inclusion bodies obtained by cytoplasmic expression in B834(DE3) cells (EMD Millipore).
Biophysical Studies of Protein Interactions
SPR experiments were performed with streptavidin (SA) chips using a Biacore T100 or 3000 (GE Healthcare). Proteins to be captured on SA chips were biotinylated at their C termini using the E. coli biotin ligase BirA. Isothermal titration calorimetry experiments were done using a Microcal VP-ITC (GE Healthcare).
Crystallography of SYG-1, SYG-2, and Their Orthologs SYG-1 was phased using multiple-wavelength anomalous diffraction methods with selenomethionine-labeled D1D2 crystals. Other SYG-1-like structures (D4) CD47-SYG-1::GFP and Sirpa-SYG-2 with dissimilar approach geometry fails to localize and is found diffused along the entire axon.
(D5) Sirpa-FD6-SYG-2, which has very high affinity for CD47::GFP, results in the subcellular enrichment of CD47::GFP. (D6) Flexible SYG-1 (SYG-1-Flex::GFP) is found diffused along the entire axon, which is indicative of proper expression and targeting to the membrane but is not enriched where SYG-2-Flex is expressed.
(E) Suggested cellular adhesion model involving SYG-1 (green) and SYG-2 (blue).
were solved by using the SYG-1 D1D2 structure as a molecular replacement model. SYG-2 D4 structure was solved using tantalum bromide cluster derivatives and the single-wavelength anomalous diffraction method. SYG-1/SYG-2 crystals could be grown using the N391C mutant of SYG-2, which removed an N-linked glycosylation site. The heterophilic complex was solved by a combination of molecular replacement with SYG-1 and SYG-2 D4, followed by manual rebuilding of all other domains, which was aided by homology modeling with Modeler (Eswar et al., 2006) and our SYG-2 D3D4 structure. All structural models were built and refined using Coot (Emsley et al., 2010) and Phenix.refine (Adams et al., 2010) . Structure validation was performed by tools available within Coot and the PHENIX suit, mostly using Molprobity . For the mouse Neph1 D1-D2 structure, due to low resolution of the data, we refined the molecular replacement model by further creating homology models in Modeler (Eswar et al., 2006) , followed by dynamic elastic network refinement in CNS (Schrö der et al., 2007) .
Electron Microscopy and Image Processing
Purified SYG-1 and SYG-2 and crosslinked SYG-1/SYG-2 complex were prepared by conventional negative staining with 0.75% uranyl formate (Ohi et al., 2004) , and images were recorded on a Tecnai T12 microscope (FEI) at a nominal magnification of 42,0003 with a defocus value of -1.5 mm. Particles were selected using BOXER, part of the EMAN2 software package (Tang et al., 2007) , and were processed using SPIDER (Frank et al., 1996) .
C. elegans Strains
All worm strains were maintained at 20 C on OP50 E. coli-seeded nematode growth medium plates. N2 Bristol stain worms were used as the wild-type reference, and the following mutants were used: syg-1(ky652)X and syg-2 (ky673)X. See the Extended Experimental Procedures for transgenic lines used in this study. Expression plasmids for transgenic worm lines were made using the pSM vector, a derivative of pPD49.26 (A. Fire). Plasmids were injected into animals at 1 ng/ml for the unc-86 promoter and 15 ng/ml for the egl-17 promoter together with coinjection markers Podr-1::gpf or Podr-1::dsred at 20 ng/ml.
Fluorescence Quantification and Confocal Imaging
All fluorescence images of HSNL synapses in L4 or young adults were taken with a 633 objective on a Zeiss Axioplan 2 Imaging System or a Plan-Apochromat 633/1.4 objective on a Zeiss LSM710 confocal microscope. Total fluorescence intensity was determined using Image J software (NIH) by summing pixel intensity, and the average fluorescence intensity was calculated for each group (n = 10).
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